The kinetics of the reactions CI(zPJ) + SiH4 (1) and Br(ZPJ) + SiH4 (2) have been investigated by time-resolved atomic resonance fluorescence spectroscopy. Halogen atoms were generated by flash photolysis of CCl, and CH2Br2. Experiments over 295-472 K yielded kl = (1.56 f 0.1 1) X exp[(2.0 f 0.2) kJ mol-'/Rq cm3 s-I and studies over 295-575 K yielded k2 = (9.0 f 1.5) X lo-" exp[(-17.0 f 0.6) kJ mol-'/Rq cm3 s-I. 95% confidence intervals are about f10% and f20%, respectively. These expressions are in good agreement with most earlier measurements. An expression for k-' is also derived. Alternative interpretations of the negative activation energy for k , , based on transition-state theory or formation of an intermediate adduct, are discussed.
Introduction
The reactions of halogen atoms with silane have been important in studies of the chemistry of silicon hydrides. The reaction
(1) has been used as a source of SiH, radicals in kinetic experiments,'" while recent measurements of the forward and back rate constants for the process (2) have provided an important measurement of the SiH3-H bond energy.6 That investigation was complicated by secondary reactions of Br which required modeling to derive k2, and one aim of the present work is to measure k2 under conditions where secondary chemistry is negligible, in order to provide a check of the previous k2 determinations and thus AHfo(SiH3). A stable adduct has been proposed as an intermediate in reaction 2 and its iodine analogue.6 Here we have measured kl to see if such complexes might be important in reaction 1 also. This is significant because reaction 1 is much more amenable to quantitative molecular orbital analysis than reaction 2.
Experimental Technique
Argon bath gas containing a halogenated methane, C C 4 for Cl and CH2Br2 for Br, and SiH4 flows through the reactor. Halogen atoms are produced by pulsed photodissociation of the halogenated methane precursor by means of radiation from a flash lamp and are monitored by time-resolved atomic resonance fluorescence spectroscopy.
Reactor and Gas-Handling System. The reactor (Figure 1) consists of a six-way stainless steel cross. The intersection region of the side arms defines the reaction zone, where transient species are generated photolytically and detected by resonance fluorescence. Pulsed UV radiation enters the reactor through one port, resonance radiation through another at right angles, and fluorescence exists via a third mutually perpendicular sidearm. The other three sidearms are used as a gas inlet and outlet and as a port to hold a thermocouple. Temperature readings T are corrected for radiation errors, which were determined in separate experiments with a shielded and unshielded thermocouple, and have an estimated uncertainty of 2%.' Full details of the reactor and gas-handling system may be found elsewhere. provement over that earlier design* is that a small fraction of the total Ar flow, about 10'70, is introduced in front of the three optical ports to sweep the gas mixture away from the windows. Optical System. Radiation for pulsed photolysis of the halogenated methanes is provided by an EG&G Electro-Optics flash lamp system. It consists of a bulb (special FX 193 with a MgF2 window) plugged into a Lite-Pac (FY-714) and connected to a power supply (PS-302) with a 10-pF external capacitor (CSI, 4W508TN). Accordmg to the flash lamp manufacturer, the width of the output pulse at one-third peak height should be approximately 7 ps. The energy is controlled between 1.25 and 5 J by adjusting the output voltage of the power supply between 500 and lo00 V. A MgF2 plano-convex lens (75" focal length, 2 5 . 4 " diameter) is mounted at the end of one arm of the reactor so that the flash lamp beam is partially focused through it into the reaction zone. The region between the flash lamp and the lens is purged with N, (Linde, dry grade) to allow transmission of actinic radiation with wavelengths down to about 120 nm into the reactor. Flashes were repeated at 1-2 Hz, which is slower than the replenishment rate of gas in the reaction zone,9 which in turn is slower than the time scale of the kinetics. Thus the measurements are carried out under pseudostatic conditions.
Resonance radiation is generated by a microwave-powered discharge lamp. A MgF, plano-convex lens (100-mm focal length, 25.4-mm diameter) is cemented to the lamp body to focus the radiation beam partially. The lamp is attached to the end of a sidearm of the reactor by means of an O-ring fitting. A tuned Evenson cavity is installed around the lamp and powered by a microwave generator (Opthos Instruments, Inc., 2540 MHz). For A solar-blind UV photomultiplier tube (Thorn EMI, 9423B) monitors the emitted light intensity from the reaction zone. The PMT is operated at 3 kV, generated by a Bertan Model 21 5 power 
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t COMPUTER U supply. Fluorescence exits the reactor through a MgF2 window which is glued to a brass holder attached at the end of one arm of the reactor (see Figure 1) . The region between this window and the PMT is purged with N2 to prevent air absorbing the vacuum UV fluorescence.
A potential interference is detection of H atoms as well as the desired halogen atoms. To avoid this during measurements of k2, a CaF2 filter was placed in front of the PMT to block any H-atom fluorescence (see Figure 1 ). Preliminary tests indicated that no H atoms were detected after firing the flash lamp in the presence of SiH4 and Ar alone. Later it was found that no H atoms were detected even if the CaF2 filter was removed, and this modified arrangement was used in the determinations of kl.
Electronics. A digital delay/pulse generator (Stanford Research
Systems, DG 535) controls the timing of the experiments. It provides trigger pulses to the flash lamp and to a computercontrolled multichannel scaler (EG&G Ortec ACE), which collects the resonance fluorescence signal from the PMT via a preamplifier/discriminator (MIT Model F-1OOT). This detection system counts the number of photons emitted as a function of time.
Signals following typically 50-500 flashes are collected and summed to average out random noise. All data are stored and analyzed by an IBM XT-compatible microcomputer. Data Analysis. The rate of removal of atomic halogen in the presence of SiH4 can be expressed, e.g., for C1 atoms, as
where kl is the second-order rate constant for reaction 1, and kdifl accounts for the loss of C1 atoms by processes other than reaction 1, primarily diffusion out of the reaction zone. Because [Cl] <<
[SiH4], pseudo-first-order conditions apply, and eq 3 becomes
where the pseudo-first-order rate constant is given by
The integrated form of eq 4 is the general fmt-order reaction result
where t is the time after the photolysis pulse and [Cl] , is the concentration of C1 atoms at t = 0 in the experiment. The intensity of fluorescence is proportional to [Cl] . There is also a steady background signal B, arising from scattered light from the resonance lamp, so that the total signal I is represented by
where A and B are constants. A computer program using a weighted nonlinear least-squares method' fits A, B, and kPl to each fluorescence decay curve (see Figure 2) . kpsl is measured This gkl takes account of uncertainties in the derivation of individual kpl values plus any changes in experimental parameters such as gas flow or temperature which might vary during a set of measurements at a particular temperature and pressure. measurements with [SiH4] = 0 were excluded from these fits &cause they were often higher than the intercepts of the fits through the other four points. The reason for this is unknown.
For reaction 1 only, the k
Results
Br + Si4. This reaction was used to make several checks on the correct operation of the apparatus and accordingly is discussed first. Twenty-seven measurements of k2 were made at T = 295-575 K and are summarized in Table I . The individual decays of [ Br] exhibited exponential behavior, and comparison of pairs of k2 measurements made under conditions identical except for the flash energy, F, shows that a doubling of F led to insignificant changes in k2, e.g., between 1 and 15% at room temperature. This means that secondary reactions of Br with photolysis or reaction products were unimportant (in particular the reverse of reaction 2 did not interfere), and that pseudo-first-order conditions, [Br] << [SiH4], held. There is no consistent variation of k2 with rm, the residence time of gases in the reactor before photolysis. This shows (a) that the gases were well-mixed in the reactor and (b)
( 1 2 The Arrhenius plot (Figure 4) shows scatter that arises partly from factors reflected in the uk2 values and partly from variations in experimental parameters which occurred between runs at different conditions. A linear fit to the Arrhenius form k = A exp(-E,/RT), weighted to reflect both uk2 and uT,I2 yields the following expression for k2: k2 = Errors in A and E, are f l u . Because the errors of the Arrhenius parameters are correlated, the covariance of A and E, is taken into account when we estimate the uncertainties of the fitted k2.I3
The statistical error in k2 is u/k2 = 5-98. The measurements may be influenced by errors that were constant over the course of the experiments and therefore do not contribute to the scatter of Figure 4 . An allowance of f5% for these systematic errors yields the 95% confidence interval for k2 as about f20%.
CI + SW4. Nine measurements of kl were made at T = 295-472 K and are summarized in Table 11 . Fewer measurements were made than for k2 because good mixing and a lack of decomposition of SiH4 had already been demonstrated. At room temperature, kl changed by less than 4% when F was doubled, which meant that secondary reactions of C1 with photolytic or reaction products were negligible, and therefore a single F was
( 1 3 Ding and Marshall that because Shlyer et al. used C12 as their source of atomic CI, C1 may be regenerated after the primary reaction 1 by the reaction of SiH3 with Cl,, which leads to underestimation of k,.
Recent enthalpy and entropy results for SiH: were combined with literature data for H2 and SiI8 to derive AG:(SiH3) as a function of temperature, which was then combined with tabulated AGIO valuesI8 for C1, SiH,, and HC1 to calculate the equilibrium constant K for reaction 1, where K = k,/k-,. Figure 4 . It may be seen that their results are significantly lower than ours. A difficulty with their experimental design is that on the time scale of the measurements the two states of atomic Br would be expected to form a kinetically coupled system as discussed above, and we therefore question the validity of their k2 determination for Br(2Pl/2).
Mechanistic Interpretation. The negative temperature dependence for k, ( E , = -2.0 f 0.2 kJ mol-,) is consistent with this reaction proceeding via a bound intermediate.20 Shlyer et al." speculated about the possibility of such a mechanism but had no E, information for comparison. A similar mechanism has been proposed for the reverse of reaction 2 and its iodine analogue, whose activation energies were measured to be -0.7 f 1.2 and -2.0 f 1.4 kJ mol-', respectively.6 It therefore appears possible that the SiH, + X s HX + SiH3 reactions for X = C1, Br, and I all proceed via adducts, which cause the negative temperature dependences for the kinetics in the exothermic direction. We plan to test this idea by searching for possible SiH,.HCl adducts by ab initio theoretical methods. More reliable levels of theory may be applied to the hypothetical C1 adduct than to the proposed Br and I adducts, because of the smaller number of electrons.
An alternative explanation of the slightly negative E, for reaction 1 comes from consideration of transition-state theory (TST) and the temperature dependences of the partition functions Q of the reactants and the TS and has been outlined by Fontijn and Zellner.20 If the temperature dependence of Qvib is neglected, which will be a good approximation at low temperatures where QVib = 1, then combination of the Q for the nonlinear reactants and the TS leads to
where Eo is the energy of the TS above the reactants at 0 K. RT/2 is 1.6 kJ mol-' at the midpoint of the temperatures studied here, and in the limit of Eo -0 a negative E, close to that observed may be possible. However, any loose vibrations ( Q~b > 1) in the TS will increase E, above the lower limit of eq 14. Resolution 
Discussion
Equilibrium of Halogen Atoms. For atomic C1 and Br the electronic ground state is 2P3/2 and there is a low-lying excited 2P,/2 state. For C1, the 2P,,2 state lies 10.5 kJ mol-' above the ground state and for Br, the excitation energy is 44.0 kJ mol-'.Io Therefore, e.g., for atomic Br, the following kinetic processes must be considered: kC kQ products -Br(2P3jz) Br(2P,j2) -+ products (10) kB represents the pseudo-first-order quenching rate constant of Br(2Pl12) and is linked to the excitation rate constant kA via the statistical mechanical equilibrium constant Kq:
where E is the excitation of the 2P1/2 state. kc and kD represent the state-specific pseudo-first-order rate constants for removal of Br(,P3 , ) and Br(,PIj2) by chemical reactions.
Under conditions where kA and kB >> kc and kD, Le., where rapid equilibration of the two states is maintained, Br(2P312) and Br(2Pl/2) form a kinetically coupled system and both exhibit the same pseudo-first-order decay coefficient of (12) kA/kB = Kc4 = e-s/kT/2 kpsl = (kc + kDKeq)/(l + KeJ For our c1 experiments [eel,] 2 6.4 X loi4 cm-3 and kQ, for s-I, which is much greater than kPl, which itself is up to 600 SS'. For the Br experiments, kQ for CH2Br2 has not been measured. It presumably is at least as large as k, for CH, and HBr,14 i.e., k, > 4 X cm-3 s-I. The [CHZBr2] employed is in the range (2-34) X IO', molecules ~m -~, so kB is at least 800-13000 s-I.
SiH, may also act as an efficient quencher and contribute to maintaining equilibrium between the two states of atomic Br.
Thus all our kinetic measurements yield overall rate constants for the Boltzmann-averaged distribution of ,P, atoms at each temperature.
CI + Si,. Previous studies have focussed on k, close to room temperature and did not examine the temperature dependence. Figure 5 shows two measurements by Panfilov and co-workers, who employed IR chemil~minescence~~ and laser magnetic resonance.'S2 The latter result is closer to ours. between these alternative explanations may perhaps be obtained via ab initio characterization of the potential energy surface.
Conclusions
Rate constants for the reactions of C1(2PJ) and Br(*PJ) with SiH4 have been measured and their temperature dependences determined. The results are in good accord with other reliable determinations of kl and k2. An estimate of the reverse rate constant k-l is also derived. kl shows a negative temperature dependence and thus the reactions SiH3 + H X s SiH4 + X (X = C1, Br, I) all exhibit negative activation energies for reaction in the exothermic direction. This is consistent both with the idea that the mechanism involves formation of an intermediate adduct, as proposed earlier for k-2 and the analogous SiH3 + HI reaction, and with an interpretation based on transition-state theory.
Introduction
Because of the small dissociation energy of the azide radical to yield the ground-state products N(?S) + N2(X1Z,+), reactions of this molecular radical with atomic reagents to yield a nitride compound are very exothermic. Indeed, taking a recent determinationl of MHp(N3) = 469 f 21 W/mol, the N-N2 dissociation energy is calculated to be approximately zero [2 f 21 kJ/mol].
The stability of this species with respect to dissociation is conferred by the fact that this dissociation channel is spin-forbidden. Because of this extremely small reagent dissociation energy, products of reactions involving the azide radical can be formed with a very high level of internal electronic and/or rovibrational excitation.
There have been a number of studies of the chemiluminescence resulting from the reactions of N3 with several different atomic species, most notably the The yield of the excited B311, state, while not firmly established, is nonetheless found to be a significant fraction of the total reaction pathway.'q9 The large exothermicity of reaction 1 allows production of a number of excited electronic states of one of the nitrogen molecular products; the other molecule must be formed in the ground X'Z + state. If spin conservation were to apply in reaction 1, as we wouh expect from the low atomic number of nitrogen, then the electronically excited product would be produced in a triplet state. The experimental studies on reaction 1 do not directly exclude the possibility of production of the other allowed triplet states. The lowest state, A3Z$, can be detected either by spin-forbidden A32,+ -X1 Zg+ Vegard-Kaplan band emission, or possibly by laser fluorescence excitation in the B311g-A3Z,+ band system. The former method is much less sensitive than the observation of spin-allowed chemiluminescent emission, while the latter requires detection of the laser-induced signal above an intense chemiluminescent background. An additional complication with the detection of nascent N2(A3Z,+) product is that this species is, of course, also produced by radiative, and also collisional, cascade from N2(B311,) through the first positive band emission. The Bt3Z,-state is known to emit in the red to the B311, state;I2 however, the B' -B bands are not seen in N + N3 chemiluminescence spectra,' but their transition probabilities are significantly smaller than those of the B -A bands.I3 The W3A, 
